mediates endocytosis of GPCRs. Moreover, excessive Despite these differences in the mammalian and endocytosis of GPCR/arrestin complexes has been Drosophila phototransduction cascades, many of the shown to contribute to apoptosis (reviewed in Dolph, same proteins that regulate PI metabolism are ex-2002).
In the current work, we found that the light-induced centrated in cds rhabdomeres ( Figure 1J) ; however, in rdgB flies, the Rh1 protein level was significantly deshuttling of the major arrestin (Arr2) in Drosophila photoreceptor cells functioned in adaptation. Localization of creased, as previously reported ( Figure 1I and also see Supplemental Figure S1J in the Supplemental Data) Arr2 was impaired in three mutants, rdgB, cds, and PTEN, which affected PI trafficking or biosynthesis. Arr2 (Milligan et al., 1997) . In contrast to the results described above, Arr2 was bound to PIP 3 in vitro, and mutation of this site resulted in defects in the normal translocation of Arr2 and light not rhabdomere specific but was diffusely distributed between the cell bodies and rhabdomeres in both rdgB adaptation. Mutations in Arr2 that decreased the interaction with PIP 3 in vitro also suppressed light-dependent and cds flies ( Figures 1K-1M ). The mislocalization of Arr2 was not simply due to an altered distribution or retinal degeneration caused by rapid endocytosis of Arr2. These data raise the possibility that translocation instability of Rh1, since Rh1 was normally localized in cds mutant flies ( Figure 1J ). NORPA (PLC) was also of mammalian visual arrestin may also be regulated by PIs, providing a potential explanation for the presence mislocalized in both rdgB and cds, though there was a more pronounced defect in rdgB (Supplemental Figures of many rod and cone proteins that function in PI biosynthesis and which are activated in a light-dependent S1G-S1I available online). These data raise the possibility that PIs are required for proper localization of PLC and manner.
Arr2. PLC has a PI binding PH domain, which may be needed for rhabdomere targeting. However, Arr2 does Results not have such a domain. Nevertheless, mammalian visual arrestin has been reported to bind to inositol phosArr2 Trafficking Is Impaired in rdgB and cds To test whether the retention or trafficking of one or phates (IPs), though an interaction with PIs was not tested (Palczewski et al., 1991) . Therefore, the question more signaling proteins is regulated by PIs, we set out to compare the spatial distributions of a variety of signaling arises as to whether PIs regulate the trafficking of Arr2 directly. proteins (Table 1A) in wild-type flies and mutants that disrupt PI biosynthesis or trafficking. We performed immunolocalizations using two mutants, rdgB and cds, C-Terminal Domain of Arr2 Bound to Phosphoinositides which disrupt a phosphatidylinositol transfer protein and CDP-DAG synthase, respectively ( Figure 1A and Table  To determine whether the visual arrestin bound directly to PIs, we probed a membrane containing various PIs 1B) (reviewed in Montell, 1999).
We determined the immunolocalizations of each of (PIP-Strips) with the N-and C-terminal domains of Arr2 bound to PIs or IPs and did so through the C-terminal domain. Figure 2C ). However, using this assay system, we could not distinguish whether IP 6 or PIP 3 was the strongest binding partner.
Arr2 Preferentially
To address whether there is specificity between IP 6 and PIP 3 for Arr2 binding, we performed a binding assay using PIP 3 beads.
35
S-labeled Arr2 bound to PIP 3 beads but not to control beads ( Figure 2D ). The C-terminal domain of RDGC, which did not bind to PIP-Strips (data not shown), did not interact with the PIP 3 beads ( Figure  2D ). To compare the binding specificity of IP 6 and PIP 3 , we used a competition assay. Soluble PIP 3 competed for Arr2 binding to the PIP 3 beads at a lower concentration than IP 6 (IC 50 ϭ 2.0 M versus 10.7 M) ( Figure 2E ). Therefore, Arr2 appeared to bind preferentially to PIP 3 in vitro.
Lysine Residues Critical for Phosphoinositide Binding
To address the function of the PI association with Arr2 in vivo, we identified candidate amino acid residues critical for the Arr2/PIP 3 interaction. Since the residues that contributed to PI binding in vitro to ␤ arrestin (Gaida- distances ranging from 2.5 to 3.0 Å (Figures 3A and 3B) .
We found that glutamine substitutions of all three lysine residues (3K/Q) identified in the structural modeling fused to GST (GST-Arr2N and GST-Arr2C, respectively).
significantly impaired the interaction between Arr2 and We found that the GST-Arr2C bound to several PIs, while IP 6 in a solution binding assay (Figure 3C ; wt; 503 Ϯ GST-Arr2N did not (Figure 2A Since Arr2 3K/Q does not appear to affect its interaction with rhodopsin but appears to be defective in endocytosis, we addressed whether the degeneration in norpA the arr2 3K/Q but not the arr2 3K/R flies had defects in lightdependent movement of Arr2 into the rhabdomeres.
was suppressed in combination with arr2
3K/Q
. We assayed retinal degeneration in live flies by examining for The lack of rhabdomere enrichment in arr2 3K/Q could have reflected a defect in the kinetics in the light-depenthe presence of the deep pseudopupil (DPP; see figure legends). Those flies that have undergone retinal degendent movement of the mutant Arr2 into the rhabdomeres. Alternatively, Arr2 3K/Q might not become rhabdoeration fail to display a DPP. As previously reported, norpA flies undergo light-dependent retinal degeneramere enriched even after prolonged exposure to light. To discriminate between these possibilities, we stimulated tion, and all animals lose the DPP after 10 days ( Figure  5A ; norpA;;arr2 ϩ ). In the norpA;;arr2 3K/Q double mutant, the flies for 1 hr with blue light and found that the Arr2 3K/Q displayed a rhabdomere-enriched distribution (Figures the DPP was retained ( Figure 5A ). In contrast, most of the norpA;;arr2 3K/R double-mutant flies lost the DPP after 4H and 4R). Thus, the light-dependent movement to the rhabdomeres was delayed rather than eliminated in 10 days ( Figure 5A ). We confirmed that arr2 3K/Q suppressed the norpAarr2 3K/Q flies. We also assessed whether PI binding is necessary induced retinal degeneration using transmission EM. While norpA flies showed severe retinal degeneration for Arr2 movement from the rhabdomeres to the cell bodies. Rhodopsin/Arr2 complexes undergo clathrinafter 2 weeks of a light/dark cycle, consistent with previous reports (reviewed in , and the DPP assay dependent endocytosis and movement to the cell bodies after exposing the flies to blue light, followed by described above (Figures 5A and 5B and Supplemental Figure S3 at http://www.neuron.org/cgi/content/full/39/1/ incubation in the dark (Kiselev et al., 2000) . Therefore, we exposed the transgenic flies to 1 hr of blue light and 121/DC1; norpA;;arr2 ϩ and norpA), the rhabdomeres were retained in norpA;;arr2 3K/Q ( Figure 5B ). Though the subsequently placed the flies in the dark for 3 hr. Both wild-type Arr2 and Arr2 3K/R redistributed to the cell bodmorphology of the rhabdomeres was not wild-type, there We found that an increase or decrease in the expression of PTEN caused reciprocal defects in shuttling of adaptation. PIP 3 is generated by the phosphorylation of PIP(4,5)P 2 by PI3-kinase and is metabolized by PTEN, Arr2 to and from the rhabdomeres, respectively. The dPTEN;dAkt flies showed normal rhabdomere localizawhich is a PI3-phosphatase ( Figure 1A) . Therefore, mutations in both enzymes should alter the PIP 3 levels in tion of Arr2 after a 5 min stimulation with blue light (Figures 7F and 7N) . However, Arr2 shuttling to the cell vivo, as appears to be the case in dPTEN mutant flies (Stocker et al., 2002) . However, overexpression or lossbodies seemed to be impaired, since the majority of Arr2 remained in the rhabdomeres after a 1 hr exposure of-function mutations in the major Drosophila PI3-kinase caused severe degeneration or developmental defects, to blue light, followed by incubating in the dark for either 3 or 72 hr (data not shown; Figures 7H and 7P ). Under respectively (see legend to Supplemental Figure S5 . However, the function of this dynamic meres was retarded rather than eliminated in PTEN oe (Figures 7K and 7O) . Movement of Arr2 to the cell bodies movement has not been described. Drosophila visual arrestin, Arr2, also undergoes light-dependent shuttling seemed to be nearly normal, since the Arr2 was localized throughout the cell bodies and rhabdomeres after 1 hr between the cell bodies and the phototransducing portion of the photoreceptor cells, the rhabdomeres in the light followed by either 3 or 72 hr in the dark (data not shown and Figure 7L) . Thus, absence of PTEN (Kiselev et al., 2000) . This observation provided the potential for using a genetic approach to address two unresulted in impairment in shuttling Arr2 to the cell bodies, and higher PTEN levels caused defects in the lightresolved issues: (1) the mechanisms regulating this movement and (2) the function for this light-driven transdependent movement of Arr2 from the cell bodies to the rhabdomeres. location. Due to the slow time course of the light-induced movements, which occur over a few to many minutes, Since light-dependent rhabdomere localization of Arr2 is necessary for the light-induced acceleration in an interesting possibility is that the trafficking of arrestin the termination of the ERG, we examined the light recould contribute to long-term adaptation, as the consponses of PTEN oe flies, which showed slow trafficking centration of arrestin has been proposed to limit reof Arr2 to the rhabdomeres. We found that the PTEN sponse termination (Ranganathan and Stevens, 1995). oe displayed a defect in this component of the light One well-known illustration of long-term adaptation is response. After exposing dark-adapted flies to a 10 min experienced upon entering and leaving a darkened pulse of light, the termination of the ERG response was room, such as a movie theater. Interestingly, this delay much slower in PTEN oe than wild-type flies (t 80% : 1.05 Ϯ occurs over a similar time course as the light-dependent 0.09 s and 0.55 Ϯ 0.05 s, respectively; Figure 7Q ). Similar translocation of visual arrestins. termination rates were observed in wild-type and PTEN Consistent with the proposal that the regulated moveoe flies after a 1 hr light stimulation ( Figure 7Q ). These ment of arrestin contributes to slow adaptation, we data further support the conclusion that PIs play a crufound that a reduction in the rate of Arr2 translocation cial role in Arr2 translocation and in light adaptation. had a major impact on a light-dependent component of the photoresponse. In wild-type, we found that the rate Discussion of termination of the photoresponse was significantly faster in flies that have had prior exposure to light; however, this adaptation feature was virtually eliminated in Translocation of Arrestin2 Functions in Light Adaptation arr2 null mutant flies. Of particular significance, termination of the ERG response was much slower in flies that A curious but longstanding observation is that visual arrestin undergoes a dramatic light-dependent transhad defects in the light-dependent movement of Arr2. 
